A B ST RA C T Whole blood samples of patients with various forms of alpha thalassemia including hemoglobin H disease, alpha thalassemia trait, and the "silent carrier" state were incubated with leucine-14C for definition of relative rates of production of alpha and beta chains in these disorders. The chains were separated by carboxymethyl cellulose chromatography in the presence of 8 M urea and dithiothreitol. Their absorptions at 280 mu were determined and their radioactivities measured in a liquid scintillation spectrometer. After correction for differences in extinction coefficients, the specific activities of the widely separated alpha and beta peaks were determined. In 11 nonthalassemic individuals, the alpha/beta specific activity ratios were found to be 1.02 + 0.07; in nine patients with alpha thalassemia trait, 0.77 ± 0.05; in six patients with hemoglobin H disease, 0.41 + 0.11; and in four "silent carriers," 0.88 with a range of 0.82-0.95. The results show that in peripheral blood, alpha chain production relative to beta chain production is indeed limited in the alpha thalassemia syndromes. Hemoglobin H disease results from doubly heterozygous inheritance of a gene resulting in moderate depression of alpha chain production (alpha thalassemia trait) and a gene resulting in very mild depression of alpha chain production (the "silent carrier" syndrome."
INTRODUCTION
Alpha thalassemia is a complex disorder with at least four different clinical manifestations (1) . The first, alpha thalassemia trait, the heterozygous state, is a mild disease characterized mainly by microcytosis and little if any anemia. The second, hydrops fetalis as a result of homozygous alpha thalassemia, is a lethal disorder in which death occurs in utero or at birth (2) . In this disease, there is total absence of hemoglobin containing alpha chains and complete replacement of the newborn hemoglobin mixture by hemoglobin Bart's (y.) (3, 4) . The third syndrome, hemoglobin H disease, is an hemolytic hypochromic anemia with intraerythrocyte inclusion formation. In such erythrocytes, hemoglobin H (p4) may comprise up to 40% of the total hemoglobin (5) . Such patients are usually the offspring of one parent with alpha thalassemia trait and one with the fourth alpha thalassemia syndrome, the socalled "silent carrier" state. Several different terms have been employed to describe the latter syndrome (6) (7) (8) (9) . The "silent carrier" is here defined as the hematologically normal parent of an individual with hemoglobin H disease. Theoretically he may also be the offspring of an individual with hemoglobin H disease.
On the basis of gross deficiency of alpha chains, both hydrops fetalis and hemoglobin H disease may be ascribed to reduced alpha chain production. Indeed, evidence for low alpha chain production relative to beta chain production in hemoglobin H disease has been provided by Weatherall, Clegg, and Naughton (10) and, by similar techniques, low beta chain production rela-tive to alpha chain production has been detected in various beta thalassemia syndromes (10) (11) (12) . Defective alpha chain production in alpha thalassemia trait is suggested on the basis of family studies and red cell morphology. The "silent carrier" state has been poorly understood and is thought to be a genetic condition which when inherited in association with a gene for alpha thalassemia trait leads to further depression of alpha chain production (7) . In this report, we present firm evidence of reduced alpha chain production in three alpha thalassemia syndromes including the "silent carrier" state. This evidence was derived by measurement of the rate of incorporation of leucine-l"C into the alpha and beta chains of the peripheral blood hemoglobin of normal individuals, patients with hemoglobin H disease and alpha thalassemia trait, and of individuals considered to be "silent carriers."
METHODS

Subjects
PATIENTS EITHER OF CHINESE OR ITALIAN EXTRACTION Hemoglobin H disease. Six patients with this disorder were studied. The hematologic diagnosis was confirmed by demonstration of hemoglobin H with starchgel electrophoresis (13) .
Alpha thalassemia trait. 9 individuals with microcytosis and (or) mild hypochromia with normal serum iron concentration and normal hemoglobin electrophoresis were included in this group. They were either parents of an hydropic baby with 100% hemoglobin Bart's or parents or offspring of patients with hemoglobin H disease.
"Silent carriers." Three individuals whose spouses had alpha thalassemia trait and who had at least one offspring with hemoglobin H disease were included in this group. They had no anemia, microcytosis, or hypochromia. Rare poikilocytes were observed in their stained blood smears. One child of a patient with hemoglobin H disease was also included in this group.
NONTHALASSEMIC CONTROLS
Eight normal individals, including one of Chinese and two of Italian extraction, and three patients with hypochromic anemia as a result of iron deficiency were selected as controls. Two of the latter patients were studied while they were undergoing mild reticulocytosis during iron therapy.
Methods
Hematologic values were determined by standard methods (14) . INCUBATION 5 ml of heparinized peripheral blood to which dextrose (2 mg/ml) was added were preincubated in a 25 ml Erlenmeyer flask at 370C for 10 min in a Dubnoff metabolic shaker. 15 Ac of uniformly labeled L-leucine-4C 1 was then added. Incubation was continued for 2 additional hr. The red blood cells were then thrice washed with cold isotonic sodium chloride. The packed red cells were hemolyzed by the method of Lingrel and Borsook (15) .
The hemolysate was then centrifuged at 20,000 g for 20 min to remove stroma.
PREPARATION OF GLOBIN 2
Hemolysate containing 100 mg of hemoglobin was added to 80 ml of 0.05 M barbital buffer, pH 8.6, which also contained 0.015 M 2-mercaptoethanol. The hemoglobin was precipitated by the addition of 4 ml of 0.4 M zinc acetate and was centrifuged at 2000 g for 10 min. It was solubilized in approximately 10 ml of cold acid acetone (1 part 12 M HC1 to 90 parts acetone) to which was added 2-mercaptoethanol in a final concentration of 0.015 mole/liter. The globin was then precipitated quantitatively when an additional 80 ml of the acid acetone was added. It was centrifuged at 2000 g for 10 min and then thrice washed with cold acetone.
SEPARATION OF ALPHA AND BETA CHAINS AND DETERMI-NATION OF THEIR SPECIFIC RADIOACTIVITIES
The method was that of Clegg, Naughton, and Weatherall (16) with minor modifications. The starting buffer contained 8 M urea,3 which had been deionized by passing through a column of mixed bed resins,4 2.6 X 10 IM Na2HPO4 and 6 X 10-' dithiothreitol,5 the pH of the buffer adjusted to 7.2 with 10% phosphoric acid. Globin was dissolved in 2-3 ml of this buffer and then dialyzed against five changes of the same buffer for 2N hr. 75 mg was then applied to a 1 X 20 cm carboxymethyl cellulose column 6 previously equilibrated with the same buffer.
It was eluted with a linear gradient system delivered from a gradient mixing apparatus.7 The first chamber contained 150 ml of the starting buffer and the second chamber held 150 ml of a buffer containing urea and 1 Supplied by Tracerlab Div., Laboratory For Electronics, Inc., Waltham, Mass., with a specific activity of 200 mc/mmole. 2 Gerald, P. S. Personal communication.
dithiothreitol, at the same concentrations but with 2.8 X 102 M Na2HPO4, the pH adjusted to 7.2 with H3PO4. The flow rate was regulated at approximately 0.4 ml/min with a Technicon proportioning pump, and 6 ml fractions were collected. The optical density at 280 mu of each of the collected fractions was determined in a HitachiPerkin-Elmer spectrophotometer. In later experiments, improved resolutions of the protein peaks were obtained by a somewhat different elution system. Four chambers of the gradient mixer were each filled with 100 ml of buffer. Each contained urea and dithiothreitol as above.
In the first chamber, the concentration of Na2HPO4 was 2.6 X 10' mole/liter, in the second and third 1.5-X 10'
mole/liter and in the fourth 3.2 X 102 mole/liter. All of the buffers were adjusted to pH 6.7 with 10% HPO4.
In two experiments the absorptions at 280 m;L of isolated alpha and beta chains were compared by dissolving a weighed amount of each chain in buffer derived from that fraction of the ionic strength gradient in which the respective chain emerged. The absorption at 280 mi//mg of each chain was then determined. It was found that the absorption of beta chains exceeded that of alpha chains by a value of 1.52, both at pH 7.2 and at pH 6.7. Measurement of radioactivity. 1-ml aliquots of each fraction were added to 15 ml of a counting solution of the following composition: toluene, methanol, ethylene glycol monomethyl ether, and ethanolamine, 3: 3:2: 1. This contained 2,5-diphenyloxazole (PPO), 0.3 g and p-bis [2-(5-phenyloxazolyl) ]benzene (POPOP), 0.025 g/ 100 ml. This constituted a single phase liquid system. There was some precipitation of phosphate in the later fractions, without effect on the counting efficiency. The radioactivity was determined in a Packard model 3375 liquid scintillation counter with 30% gain and window settings of 50-500 divisions. The efficiency for 14C in this system was 50% at 10'C. Automatic external standard counting did not reveal variable quenching in the fractions. The counting error (2 SD of the count rate and background divided by the net count rate) was no greater than 5% and was usually 3%.
Specific activity was computed as counts per minute per absorbance units (cpm/OD). The calculation was performed only on homogeneous fractions which immediately surrounded and included the maximum optical densities of the separated chains. The cpm/OD of each fraction from the same peak agreed with one another within ±5%o.
The relative rates of synthesis of the two chains were specific activity of alpha chain expressed as the ratios specific activity of beta chain after correction for the 280 mA absorption differences of the two chains.
RESULTS
The hematologic values of the patients affected with alpha thalassemia are summarized in Table  I . The patients with hemoglobin H disease were moderately anemic; their red cells were hypochromic and microcytic. The predominant alteration in alpha thalassemia trait was microcytosis. None of these patients was anemic, and erythrocytosis was common. The hematologic values for the "silent carriers" were normal. A few irregular elongated erythrocytes were apparent in stained smears of their peripheral blood. Fig. 1 indicates typical separations into alpha and beta chains on carboxymethyl cellulose columns of the globin derived from a control subject, a patient with alpha thalassemia trait and a patient with hemoglobin H disease. The identities of the alpha and beta chains have been confirmed by Clegg and his coworkers (16) and urea starch-gel electrophoresis 2 performed on our first few columns confirmed their data. Both absorbance and radioactivity are shown in these figures. The lower specific absorption of alpha chains at 280 m,u is revealed by the data derived from the normal subject. This is in agreement with the data of Clegg and coworkers (16) who also found such a difference in absorbance. Fantoni, Bank, and Marks also confirmed the finding in globin obtained from mice (17), but Bank and Marks did not find this difference in human hemoglobin ( 11 ). We believe that the difference in absorbance is best explained by the presence of two tryptophans in the beta chain compared to one in the alpha chain in human hemoglobin (18) . Tryptophan has the highest molar extinction coefficient in the ultraviolet range (19) . At pH 7.2 a small peak which emerged just before the beta chains contained neither alpha nor beta chains at least as measured with urea starch-gel electrophoresis. The radioactivity associated with this peak was close to the beta chain peaks and occasionally "spilt over" to the front portion of the beta chain peak. For uniformity in calculation, only the tubes at the peak and around the descending border of the beta chain peak were used for calculation of beta chain specific activity. The validity of this method of calculation was supported by the similarity of our results in the normal control to those previously reported (10, 11) . Table I and Fig. 2 summarize the results of all of our studies of the alpha/beta specific activity ratios in the control subjects and in patients with the alpha thalassemia syndromes. In the control group, the ratio was 1.02 + 0.07 with no differ- from normal individuals or those with alpha thalassemia trait, taken as a whole the ratios obtained in the "silent carriers" are significantly different from normal and from alpha thalassemia trait (P = 0.01-0.001).
Family studies of the patients affected with alpha thalassemia are represented in Fig. 3 . In this figure, the establishment of the diagnosis of each of the different syndromes was based on clinical and genetic criteria, and the alpha/beta specific activity ratios are noted in those patients DISCUSSION The results of this study of globin synthesis in the peripheral blood firmly support the classification of the alpha thalassemia syndromes into distinct clinical and genetic entities: alpha thalassemia trait, hydrops fetalis associated with hemoglobin Bart's, hemoglobin H disease, and the "silent carrier" syndrome. Although it is not known if globin chain synthesis in reticulocytes of peripheral blood is representative of that in the bone marrow precursors, these results clearly distinguish the four groups of subjects studied. The low reticulocyte counts encountered in some of these subjects posed a serious technical obstacle to this study. This was overcome by prolonged radioactive counting of aliquots of the widely separated protein peaks in a highly stable liquid scintillation system.
The presence of alpha thalassemia trait is usually recognized on genetic grounds (20) . This (6) (7) (8) (9) . It is allegedly carried by the hematologically normal parent of a patient with hemoglobin H disease, a disease which represents double heterozygosity for an alpha thalassemia gene and a "silent carrier" gene. Up to now, no evidence for a deficit in alpha chain synthesis has been demonstrated when the latter gene occurs alone in the "silent carrier" state. Our present study of the three "silent carriers," who are the hematologically normal parents of patients affected with hemoglobin H disease, clarifies this issue because all three had very mild reduction of alpha chain synthesis relative to beta chain synthesis in their reticulocytes. Thus, as originally postulated by Sturgeon, Jones, Bergren, and Schroeder (7), the gene for the "silent carrier" state is itself responsible for a degree of alpha chain suppression and contributes to the establishment of hemoglobin H disease in an additive fashion. The reduction of alpha chain specific activity to only 75% of beta chain specific activity in alpha thalassemia trait may result either from incomplete suppression of the one gene affected by alpha thalassemia or from compensatory increase in production by the normal gene. The total suppression of alpha chain synthesis in the homozygous state (hydrops fetalis) (2-4) supports the latter alternative. In hemoglobin H disease, compensation by the gene not affected with alpha thalassemia is limited by the gene responsible for the "silent carrier" state.
One individual (in generation III of family L.U.) who was classified within the "silent carrier" group on genetic grounds requires special attention. He is the hematologically normal child of a patient affected with hemoglobin H disease. His two siblings both have alpha thalassemia trait substantiated by clinical criteria and by their alpha/beta specific activity ratios. His specific activity ratio is at the lower limit of normal. It is not possible in this study to determine absolutely whether he is normal or a "silent carrier," and this differentiation would be necessary for complete understanding of the question of allelism in this disorder. At the present, there is no definite evidence to indicate whether or not the "silent carrier" gene is allelic with the alpha thalassemia gene (8, 25) . Indeed in several family studies, hemoglobin H disease has been detected in a parent and a child with the second putative parent hematologically normal (8, (26) (27) (28) . This would, on the surface, favor nonallelism of the two genes. However, these data do not actually rule out allelism since it has not been possible with heretofore available techniques to detect the "silent carrier" gene in the apparently normal spouse of an individual with hemoglobin H disease. The gene frequency for the silent carrier state is unknown. If a large group of hematologically normal children of hemoglobin H parents are analyzed with the technique reported in this study and the result compared to a large number of known "silent carriers" (viz. the normal parent of a patient with hemoglobin H disease), it will be possible to determine whether the two genes are allelic. If they are allelic, the result of the specific activity ratio determinations in the two groups will be similar. If they are not allelic, many of the hematologically normal offspring of hemoglobin H patients will fall within the normal range of alpha/beta synthetic ratios.
